In the paper, there are presented a general description of the constructed measuring system 8AE-PD, the results of calibration of this system by the Hsu-Nielsen method as well as the testing of the measuring system during recording signals generated by Hsu-Nielsen sources in a steel plate and a modeled partial discharge (PD) source.
Introduction
Acoustic emission has been the authors' area of interest for over 30 years. The investigations performed by the authors include the analysis of signals generated in selected geological materials (Malecki et al., 1993) , in selected deformation processes (partial discharges) (Witos, 2008) as well as applications of the acoustic emission method in coal walls (Opilski et al., 1985) , conveyor belts (Witos et al., 1989) , hydrogenerator coil bars (Witos, Gacek, 2013) and oil power transformers (Witos, Gacek, 2008; 2009) . For the purpose of recording acoustic emission signals, analyzing the recorded signals and developing applications, the authors have introduced a number of modifications of the measuring equipment and have developed the software which provides monitoring and recording the signals as well as their advanced analysis. Based on the acquired experience, the authors have designed and constructed the measuring system 8AE-PD for investigations of partial discharges in oil power transformers. This system is presented in detail in . In this paper, the system is described in a general way, whereas the issues of its calibration and testing as well as its application to laboratory investigations of partial discharges generated by the modeled sources are presented in detail.
The computer measuring system 8AE-PD for investigating partial discharges by the acoustic emission method
Figures 1 and 2 show schematic and block diagrams of the constructed measuring system 8AE-PD for investigating partial discharges in oil power transformers. The system is equipped with eight fully independent measurement channels so that one can simultaneously record signals at eight measurement points selected on the tested object. The system consists of preamplifiers, CPU, software as well as a computer and AE sensors.
The system operates as follows: signals recorded by the AE sensors are pre-amplified in independent preamplifiers and applied to the inputs of amplifiers (inputs CH0-CH7). The central unit contains instrumentation amplifiers, a system of forming the reference voltage, a microcontroller and a PXI 1033 chassis including a PXI 6133 measuring card together with a power supply and an MXI-Express integrated controller (National Instuments Corporation).
The complete software developed for the measuring system enables monitoring and recording signals -program "Monitor PXI-6133 v11", the fundamental analysis of the recorded signals -program "DEMA Analyzer v.8" and the advanced analysis of the recorded signals -program "Amplitude distributions and AE descriptors". It should be emphasized that the data written in the program "Monitor PXI-6133 v11" and read in "DEMA Analyzer v.8" are recalculated in individual measurement channels directly at the preamplifier input. As the result, the further analysis is independent of the gain chosen during measurements in individual measurement channels of the measuring system 8AE-PD. It is therefore the analysis of the signals directly at the AE sensor output. Such an approach allows one to better compare the investigated phenomena.
The preamplifiers were designed and manufactured to cooperate with D9241A AE sensors produced by Physical Acoustic Corporation. The D9241As have differential outputs and a dual BNC connector per output. They have very good EMI shielding ability and provide high common noise rejection and low noise, even in electrically noisy environments. These sensors are typically used for monitoring large power transformers.
The measuring system 8AE-PD was designed in such a way that the cooperation with R6 an WD sensors made by the PAC company, used in the system DEMA-COMP (Witos et al., 2011; Olszewska, Witos, 2012) so far, is possible.
The detailed description of the constructed measuring system is presented in ). The essence of calibration is to calculate corrections of gains ∆K u (x) in particular measurement channels, and next introduce these corrections as a parameter of the measuring system to ensure an identical amplitude response in each measurement channel.
Calibration of the measuring system 8AE-PD
The measurement procedure of the measuring system calibration consisted in recording the signals coming from ten Hsu-Nielsen events (breaking a 0.5 mm 2H graphite lead placed in an automatic pencil with appropriate teflon coated tip). During the calibration, the Hsu-Nielsen source was at the point S (Fig. 4) , whereas the AE sensors were placed at the distance of 50 cm from the source. For the recorded signals, there were calculated the mean values U rms (x) and the average standard deviations σ(x) of the mean values U rms (x) for the signals in each measurement channel x (x is the number of the measurement channel). Next, there were calculated the mean values U rms (for the mean values U rms (x) expressed in dB). Finally, the values of ∆K u (x) were determined and calculated: ∆K u (x) is defined as the difference between the mean values U rms (x) and U rms .
An exemplary result of calibration for the measuring system with seven D9241A AE sensors and one R6 AE sensor is presented below. Such a choice of sensors enables illustrating significant issues occurring during the calibration process. In Table 1 , there are listed the mean values U rms (x) and the average standard deviations σ(x) of the mean values U rms (x) calculated for ten signals recorded in individual measurement channels (x is the number of the measurement channel) during the calibration procedure. The quantities are expressed in mV. There are also given σ(x) expressed in %, the mean value U rms expressed in dB and the values of ∆K u (x).
In the column ∆K u1 , there are presented the values of corrections in individual measurement channels in which the D9241A AE sensors were installed. Such a value was not calculated for the measurement channel CH7 with the R6 sensor, since the amplitude comparison of the signals recorded in measurement channels with different types of sensors is of limited value when describing phenomena. It is worth noting that the spread of the values of ∆K u1 (x) is greater than ±3 dB, which in accordance with the standard (EN-13477, 2010) means that before performing investigations one should made the appropriate correction of the gains in individual channels. Figure 5 presents the amplitude-frequency characteristics of the noises recorded in the measurement channels CH0-CH6 with the D9241A AE sensors. The detailed analysis of these characteristics shows that among the D9241As used in the measurements one can distinguish two subtypes with different characteristics. The sensors in the measurement channels CH0-CH2, CH4 and CH6 (with serial numbers: AJ88, AJ89, AJ93, AJ92, AI04, respectively) belong to the first subgroup. The other two AE sensors from the measurement channels CH4 and CH6 (with serial numbers: AJ91 and AH91) create the second subgroup.
In the column ∆K u2 , there are given the calculated values of the corrections in particular measurement channels with the AE sensors from the first subgroup. It should be noted that the spread of the values of ∆K u2 (x) is within the range ±3 dB around the mean value, which in accordance with the standard (EN-13477, 2010) means that the correction is not necessary. Thus, the selection of AE sensors from one subgroup causes that the constructed measuring system complies to the requirements of the standard (EN-13477, 2010) without the need for correction of the gains in individual measurement channels. This conclusion is information about the compliance of measurement channels in the measuring system
Testing of the measuring system 8AE-PD
The testing of the measuring system by the HsuNielsen method was carried out on a measuring stand equipped with a steel plate with modeled attenuation solutions. AE sensors were placed in distances of 50 cm and 100 cm from the Hsu-Nielsen source (Fig. 6) . Figure 7 shows the signals recorded in the two measurement channels for which the AE sensors were located at different distances from the Hsu-Nielsen source. In both signals, there are two structures with distinctly different amplitudes. In both cases, the amplitude in the first structure is a few times lower than that in the second structure. The duration of the first structure recorded by the sensor located 100 cm from the source is longer than the duration of this structure recorded by the sensor located 50 cm from the source. The detailed analysis of the arrival times of signals within the distinguished structures gives the following estimates: t S0 = 0.090 ms, t A0 = 0.155 ms. Because the difference in distance between the AE sensors is 0.5 m, then the determined differences of the arrival times within the distinguished structures give the following velocities for propagation of waves during the test:
• the pulse within the first structure propagates at a velocity of approx. 5.5 km/s,
• the pulse within the second structure propagates at a velocity of 3.2 km/s.
If one takes into account:
• the steel plate with the modeled attenuating shapes used for the performed investigations is thin (10 mm thick) and made of structural steel (velocity of transverse wave propagation -approx. 3230 m/s, velocity of longitudinal wave propagation -5940 m/s),
• Lamb waves occur in such the plate, then the calculated group velocity for the symmetric mode S0 equals 5432 m/s, while for the asymmetric mode A0 is 3007 m/s (at the fundamental frequency of 150 kHz).
The measured during the test and calculated values of the velocities for the considered modes are close to each other, so the case presented in Figs. 6 and 7 describes well the properties of the signals generated in plates by the Hsu-Nielsen method. 
Investigations of partial discharges in systems
with a modeled source
Description of investigations
Investigations of PDs coming from a modeled source were performed in parallel by two methods: the AE method -with the use of the constructed measuring system 8AE-PD and the electrical method with the use of the PD measuring system of type TE 571 produced by Haefely Trench Tettex Instruments (Gacek et al., 2011; Duda et al., 2014) . The investigation re- The investigations were carried out on the measurement stand whose schematic diagram is shown in Fig. 8 . This stand includes: a test set generating high voltage (with a protection and regulation system), the computer PD measuring system using the electrical method equipped with a TE 571 measuring instru-ment with additional equipment, a steel tank in the form of a cuboid with dimensions of 58 × 110 × 60 cm (width × length × height), a modeled PD source and the measuring system 8AE-PD.
A constructed needle-plate spark gap was the modeled PD source. The spark gap was immersed in transformer oil. A view of the spark gap together with the elements inside the tank is shown in Fig. 9 . The made spark gap consisted of a textolite base and supports on which metal electrodes, needle and plate, were mounted. PDs occurred in oil between the needle and the plate. The thus constructed spark gap can be regarded as a stable PD source (Skubis, 1993) . The AE sensors were placed at selected points on the outside wall of the tank (Fig. 10) using magnetic holders. A coupling layer of technical vaseline provided the acoustic contact. The measurement procedure consisted of 21 measurement series during which the value of the voltage applied to the spark gap was changed. The measurements were made by the AE and electrical methods.
During the investigations by the AE method -for successive values of the voltage applied to the spark gap -the signals were simultaneously recorded in all the measurement channels of the system 8AE-PD. In the reference measurement channel of the system 8AE-PD, phase-synchronized with HV supply voltage was also recorded.
The duration of the recorded signals was 1 second (about 20 periods of the supply voltage). The recording was carried out several times and the data were written to datasets. The measuring system 8AE-PD contained six measurement channels with D9241A AE sensors and two measurement channels with wide band AE sensors.
During investigations by means of the electrical method for obtaining PD with different value of apparent charge involved by modeled source, the value of the voltage applied to the spark gap were changed. Since the supply voltage is periodic in Table 2 , U values mean effective values of this periodic supply voltage. For each U , the mean value of the apparent charge introduced by the modeled source per cycle as well as the average current of PD and the average number of PDs per second were measured. These results are shown in Table 2 as Q, I and N . Table 2 one can see that the values of the apparent charge introduced by the modeled PD source were contained in the range from 0 to 380 pC.
General properties of the AE signals coming from PDs
The basic description of the exemplary AE signal recorded in the measurement channel with the wide band AE sensor for the case of introducing the apparent charge of the value 380 pC by the modeled source is shown in Fig. 11 . Such a description contains analysis in time, frequency and time-frequency domains (Witos, 2008; Witos, Gacek, 2013) . The recorded signal has periodic and stochastic properties due to the complexity of the processes occurring during initiation and maintenance of PDs. The periodicity of the PD phenomena is confirmed by the facts the signals occur twice during the period of the supply voltage, which is shown by: • two "tunnels" on the phase-time characteristic (Fig. 11e ),
• two maxima on the averaged phase characteristic (Fig. 11d ),
• two spatial peaks occurring within three different frequency bands within the averaged spectrogram (Fig. 11f) .
The stochastic nature is reflected within the fluctuations of the amplitudes in Figs. 11a and 11e for different periods of supply voltage.
According to the frequency characteristic (Fig. 11b) , the signal has the following dominant bands: 32-35 kHz, 49-53 kHz and 82-92 kHz. The averaged Short Time Fourier Transform (STFT) spectrogram (Fig. 11f) confirms these dominant bands but it also shows the band 155-175 kHz.
In Table 3 , the properties of the AE signals coming from PDs (for the apparent charges of the mean values 380 and 120 pC introduced by the modeled 
t).
Such a distribution coefficient K of AE signals U (t) which is a quotient of S u and |U | av gives distinguishing between signals and noises. In case of analyzed AE signals U (t) the calculated distribution coefficients K are following:
• for the AE signals recorded at the active PD source: K = 1.06 (for Q = 380 pC,) and K = 1.05 (for Q = 120 pC), respectively,
• for the noise K = 1.73.
Values of K equal 1.05 and 1.06 are typical for information, whereas value K equals 1.73 describes the noises. Therefore, these results confirm quantitatively the possibility of a measuring system for distinction between noise and signal generated by the modeled source of PD.
Before detailed analyzing of the recorded signals, there were additionally analyzed from the point of view of the velocity of the AE waves propagating in the investigated object. Figure 12 shows the AE pulses from PDs generated by the modeled source. The pulses were recorded by the AE sensors in measurement channels CH0-CH3. In Fig. 12 , one can see increasing values of the time of the AE signal arrival at successive sensors. It's in accordance with the fact, the AE signals generated in the source reached successive AE sensors after propagating within paths of increasing length in transformer oil (location of the sensors and the source is shown in Fig. 10) .
Estimation of the difference of the arrival times at sensors CH3 and CH0, and hence determination of the velocity of the longitudinal wave in the transformer oil used in the investigations gives the value of approx. 1380 m/s. This value is close to the literature value of 1390 m/s for the velocity of the longitudinal wave in oil at the temperature of 20
• C (Skubis, 1993).
Determination of measurement possibilities of the measuring system 8 AE-PD
For the signals recorded during the investigations of PDs from the modeled source, for each measurement serie, there were calculated the mean values of the peak-to-peak voltage U mm and the RMS voltage of the signal U rms and the average standard deviations of the so calculated magnitudes. Results of those calculations are presented in Figs. 13 and 14 where there are shown the characteristics U mm (Q) and U rms (Q) for the measurement channels CH0 and CH6, where the independent variable is expressed on a logarithmic scale. These characteristics show the relationship between the signal quantities U mm and U rms measured by the AE method and the value of the apparent charge Q introduced by the PD source measured by the elec- trical method. Since the values of the apparent charge introduced by the source are contained in three ranges, namely 1-10-100-1000 pC, the scale for the independent variable on the charts U mm (Q) and U rms (Q) is logarithmic. With this approach, the waveforms of the curves of Figs. 13 and 14 are similar: one can distinguish a flat part (part No. I), next the values of the quantities U mm and U rms slightly increase (part No. II), and after that they radically increase (part No. III).
One can determine the intersection point of the parts I and III on the particular curves. The coordinates of the so determined points on the Q axis are as follows:
• value Q g (U mm , sensor D9241A) = 150 pC,
• value Q g (U rms , sensor D9241A) = 200 pC,
• value Q g (U mm , sensor WD) = 200 pC,
• value Q g (U rms , sensor WD) = 250 pC. However, so determined values do not specify the limit minimum value of the apparent charge introduced by the source for which the recorded signal will be identified as that originating from PDs. This conclusion is confirmed in Fig. 15 , where there are depicted the AE signals recorded in measurement channel CH0 (with the D9241A AE resonant sensor) during introducing charges of different values by the modeled PD source. From Fig. 15 , it follows that the PD phenomenon recorded by the AE method can be observed for the active PD source introducing the apparent charge of 70 pC, and this phenomenon recorded by the AE method is still visible for the apparent charge value of 20 pC.
In order to precisely determine the limit minimum value of the apparent charge introduced by the source for which the recorded signal will be identified as that originating from PDs, analysis of the recorded signals by using method of AE descriptors of acronyms ADP and ADC defined and presented by authors (Olszewska, Witos, 2012; Witos, Gacek, 2013) has been carried out.
To calculate these descriptors for the recorded signals the following procedure is appropriate: signals are The defined descriptors have the following properties:
• not based on absolute values measured signals EA, • take negative values and greater value of descriptor corresponds more closely "the flat" character of the distribution of amplitude,
• admit for registered signals the so-called degree of advancement according to the rule "greater value descriptor is a higher degree of signal degree advancement,
• allow for distinction of phenomena related to the propagation of elastic wave in a material and in coupling layer (by application of a logarithmic scale in the graphs of amplitude distributions). For the signals recorded during the investigations of the PDs from the modeled source, the mean values of the descriptors ADP and ADC as well as the average standard deviations of these descriptors were calculated for the individual measurement series.
Results of those calculations are presented in Fig. 16 where there are shown the characteristics ADP(Q) and ADC(Q) for the measurement channels CH0 and CH6, where the independent variable is expressed on a logarithmic scale. These characteristics show the relationship between the descriptors ADC and ADP calculated for the signals from PDs measured by the AE method and the value of the apparent charge Q introduced by the PD source measured by the electrical method.
It is worthwhile to compare the curves of tion through ADC, ADP descriptors is more sensitive than description through U mm , U rms descriptors. For signals recorded in the measurement channel containing wideband AE sensors curves have similar shapes. For signals recorded in the measurement channel containing resonance AE sensor (with the band being the dominant band of PDs) shape of the curves is different. This difference means that, in this case, the amplitude distributions for AE signals from the PD source introducing apparent charge of 20 pC differ fundamentally from the amplitude distribution of the noise signals. Determination of the limit minimum value of the apparent charge introduced by the source for which the recorded signal will be identified as that originating from PDs on the curves ADP(Q) and ADC(Q) is much more obvious and one can assume that:
• values Q g (ADP, sensor D9241A) and Q g (ADC, sensor D9241A) are equal approx. 20 pC, • values Q g (ADP, sensor WD) and Q g (U rms , sensor WD) are equal approx. 150 pC.
Conclusion
In the paper, the general description of the constructed measuring system 8AE-PD has been presented.
There was developed the methodology, followed by the calibration of the measuring system using the HsuNielsen method. As a result of the calibration, there was made the amplitude correction in the form of the calculated values of the gain corrections ∆K u1 (x) for the particular measurement channels x. The made calibration enables using the system for investigations of AE signals by the largest volume method as well as using triangulation methods when locating the sources of AE signals.
The system was tested when generating a signal by Hsu-Nielsen sources in a steel plate, identifying the recorded signals as the basic antisymmetric A0 and symmetric S0 modes, as well as when generating a signal by the modeled PD source, identifying the recorded signals as the longitudinal volume waves propagating in transformer oil.
A modeled PD source in the form of a needle-plate spark gap was constructed. The PDs generated by such a source were investigated on a measurement stand built for this purpose. The acoustic emission method and the electrical method were used in parallel for investigations. The values of the apparent charge introduced by the modeled PD source were contained in the range from 0 to 380 pC. The results obtained from the acoustic emission method were referred to those obtained from the electrical method.
For the AE signals generated by PD source introducing apparent charge with value of 380 pC following characteristics: amplitude vs. frequency, amplitude vs. phase, averaged amplitude vs. phase, amplitude vs. phase in subsequent periods of the supply voltage and averaged STFT spectrograms are presented. The possibility of a measuring system for distinction between noise and signal generated by the modeled source of PD are shown quantitatively.
The descriptions of the properties of the AE signals generated by PDs through U mm , U rms descriptors and through descriptors ADC, ADP and analysis of curves U mm (Q), U rms (Q), ADC(Q) and ADP(Q) have been presented in the paper. Detailed analysis determined the limit values of the apparent charge introduced by the PD source for which the recorded signal is identified as that coming from PDs and allowed to draw the conclusion that description through ADC, ADP descriptors is more sensitive than description through U mm , U rms descriptors and gave information that for signals recorded in the measurement channel containing resonance AE sensor (with the band being the dominant band of PDs) it is possible to identify signal generated by modeled PD source introducing apparent charge with value of 20 pC.
